p73 and p63, the two ancestral members of the p53 family, are involved in neurogenesis, epithelial stem cell maintenance and quality control of female germ cells. The highly conserved oligomerization domain (OD) of tumor suppressor p53 is essential for its biological functions, and its structure was believed to be the prototype for all three proteins. However, we report that the ODs of p73 and p63 differ from the OD of p53 by containing an additional a-helix that is not present in the structure of the p53 OD. Deletion of this helix causes a dissociation of the OD into dimers; it also causes conformational instability and reduces the transcriptional activity of p73. Moreover, we show that ODs of p73 and p63 strongly interact and that a large number of different heterotetramers are supported by the additional helix. Detailed analysis shows that the heterotetramer consisting of two homodimers is thermodynamically more stable than the two homotetramers. No heterooligomerization between p53 and the p73/p63 subfamily was observed, supporting the notion of functional orthogonality within the p53 family.
p53, a well-known tumor suppressor that is mutated in more than 50% of all human tumors, induces genes leading either to cell-cycle arrest or to apoptosis. The discovery of two proteins with a high sequence identity to p53, called p63 and p73, has sparked speculations that tumor suppression is carried out by the combined action of several members of this protein family, for example, by direct interaction through heterooligomerization. Knockout mouse studies with p63 and p73, the two ancestral members, 1 have shown functional roles distinct from p53: p63 is essential for maintaining epithelial stem cells 2, 3 and for protecting the genomic stability of oocytes, 4 whereas p73 is involved in neurogenesis, sensory pathways and homeostatic control. 5 p73 is further known as an important inducer of apoptosis in response to DNA damage. 6 Although only few mutations of p63 and p73 have been found in human tumors so far, overexpression of p63 is often observed in squamous cell carcinoma, [7] [8] [9] [10] which has been shown to suppress p73-dependent apoptosis. 11 Among all p53 family members, including those from invertebrate species, the DNA binding domain is the most conserved domain, [12] [13] [14] [15] followed by the oligomerization domain (OD), which is indispensable for the biological function of all p53 protein family members. [16] [17] [18] It is a structural domain that forms a tetramer, and mutations within the OD that inhibit tetramerization of p53 result in greatly reduced transcriptional activity. 19 In addition, several protein-protein interactions and posttranslational modifications require the tetrameric state as well, 16 and mutations in the OD of p53 that prevent oligomerization have been identified in human cancers. 20, 21 Owing to its functional importance, the OD of p53 has been the target of several structure determination projects. 22, 23 The p53 tetramer consists of a dimer of dimers, with each monomer contributing one b-strand and one a-helix. Dimers are assembled by the formation of an intermolecular antiparallel b-sheet, which is stabilized by hydrophobic interactions with two helices that also arrange in an antiparallel orientation. The tetramer is created by hydrophobic interactions between the helices of both dimers. This arrangement was so far considered to be the prototype for all members of the p53 family. Figure 1 shows a comparison of the OD sequences of all three human family members, showing that significant sequence identity exists in the region covering the b-strand and the a-helix. C-terminal to the helix, however, sequences diverge into the p53 subgroup and into the p73/p63 subgroup. In p53, an unstructured, proteasesensitive stretch of 38 amino acids is found. This C-terminal domain is the target of many posttranslational modifications and was shown to be important for the regulation of DNAbinding activity. 24 In the a-splice forms of p63 and p73, a long stretch of amino acids (119 in p63 and 109 in p73) connects the OD to a sterile alpha motif (SAM) domain, which is followed by a transcriptional inhibitory domain. 12, 25 Several invertebrate p53 proteins also contain long C-terminal stretches, however, with low sequence identity to the mammalian family members. Surprisingly, in the p53 forms of the two important model organisms, Caenorhabditis elegans (CEP-1) and Drosophila melanogaster (Dmp53), this low sequence identity includes the otherwise highly conserved OD. Structure determination of the C-termini of CEP-1 and Dmp53 showed that both proteins contain an OD, however, with architectures different from that of p53. 26 In particular, we showed that CEP-1 is the first known dimeric member of this protein family and that its OD is structurally coupled to a SAM domain. Dmp53 showed yet another architecture. Its tetrameric state is stabilized by an additional N-terminal b-strand and an additional C-terminal a-helix, thus doubling all secondary structure elements present in the p53 OD. 26 These structure determinations of the ODs of invertebrate forms have cast the first doubt on the universal structural role of the p53 OD. These results, combined with the high sequence conservation of B20 amino acids C-terminal to the OD of p63 and p73 (Figure 1) , and the fact that p63 inhibits the transcriptional activity of p73 and directly binds to it in head and neck squamous cell carcinoma, 11 prompted us to reinvestigate the structure of the OD of these two proteins.
Results
The tetrameric state of p73 is stabilized by an additional helix. To investigate whether direct interaction between p63 and p73 occurs through their highly homologous ODs, we intended to perform nuclear magnetic resonance (NMR)-based titration experiments. Surprisingly, the spectrum of the p73 OD (consisting of the canonical b-strand and the a-helix, amino acids 351-381), which is shown in Figure 2a , showed a more than doubling of the number of expected resonances that can be reduced to the anticipated 31 peaks by lowering the temperature to 21C (Figure 2b ), suggesting the existence of different oligomeric states. This interpretation was confirmed by further investigation by analytical ultracentrifugation that showed an equilibrium between dimers and tetramers (Supplementary Figure 1) . Additional NMR experiments of this dimer-tetramer mixture suggested the existence of three different species (Supplementary Figure 2) . As mentioned in the Introduction, structure determination of the OD of Dmp53 showed the existence of one additional N-terminal b-strand and one additional C-terminal a-helix compared with that of p53 OD. 26   p53  p63α  p63β  p63γ  p63δ  p73α  p73β  p73γ  p73δ  p73ε  p73ζ   324  358  358  358  358  351  351  351  351  351  351   393  4474  474  264  474  354  354  304  03  4304  29D   GEYFTLQIRGRERFEMFRELNEALELKDAQAGKEPGGSRAHSS----HLKSKK---------GQSTSRHKKLMFKTEGPDSD  DDELLYLPVRGRETYEMLLKIKESLELMQYLPQHTIETYRQQQQQQHQHLLQKQTSIQSPSSYGNSSPPLNKMNSMNKLPSVSQLINPQQ  DDELLYLPVRGRETYEMLLKIKESLELMQYLPQHTIETYRQQQQQQHQHLLQKQTSIQSPSSYGNSSPPLNKMNSMNKLPSVSQLINPQQ  DDELLYLPVRGRETYEMLLKIKESLELMQYLPQHTIETYRQQQQQQHQHLLQKHLLS---ACFRN------------------ELVEPRR  DDELLYLPVRGRETYEMLLKIKESLELMQYLPQHTIETYRQQQQQQHQHLLQKQTSIQSPSSYGNSSPPLNKMNSMNKLPSVSQLINPQQ  DEDTYYLQVRGRENFEILMKLKESLELMELVPQPLVDSYRQQQQ-----LLQRPSHLQPPSYGPVLSPMNKVHGGMNKLPSVNQLVGQPP  DEDTYYLQVRGRENFEILMKLKESLELMELVPQPLVDSYRQQQQ-----LLQRPSHLQPPSYGPVLSPMNKVHGGMNKLPSVNQLVGQPP  DEDTYYLQVRGRENFEILMKLKESLELMELVPQPLVDSYRQQQQ-----LLQRP-----PRDAQQPWPRSASQQRRDEQQPQRPVHGLGV  DEDTYYLQVRGRENFEILMKLKESLELMELVPQPLVDSYRQQQQ-----LLQRPTWGP  DEDTYYLQVRGRENFEILMKLKESLELMELVPQPLVDSYRQQQQ-----LLQRP-----PRDAQQPWPRSASQQRRDEQQPQRPVHGLGV DEDTYYLQVRGRENFEILMKLKESLELMELVPQPLVDSYRQQQQ-----LLQRP-----FLTGLG-CPNCIEYFTSQGLQSIYHLQNLTI Figure 1 Sequence alignment of the oligomerization domains of members of the human p53 family. All isoforms of members of the human p53 family contain an OD with high sequence identity to the OD of p53 (40% with p63 and 43% with p73). The sequence identity between p63 and p73 in the region of the canonical OD reaches 60%. Residues that are conserved among all members of the family are shown in green, whereas residues that are only conserved between p63 and p73 are colored blue. The secondary structure elements known from p53 OD are indicated on top of the figure. The p53 sequence diverges from other sequences C-terminal from the helix. p63 and p73 show high sequence identity over an additional stretch of B20 amino acids (383-398 in p73, 390-410 in p63), after which sequences even among different isoforms start to differ. Several p63 and p73 isoforms encompass sequences and domains C-terminal to the region shown in this figure Removal of either noncanonical structural element led to a conformational instability of the Dmp53 OD, thus demonstrating that these additional structural elements are essential for the stabilization of the structure and the oligomeric state of this domain. Interestingly, secondary structure prediction of the p73 sequence suggested the existence of an additional helix C-terminal to its canonical OD. To verify its existence and to investigate its influence on the structure and on the dimer-tetramer equilibrium, we recorded NMR spectra of an extended p73 OD ranging from 351 to 398 amino acids (construct subsequently referred to as tetramerization domain, TD). As evident from the spectrum shown in Figure 2c , only one set of resonances was detectable even at 301C. Moreover, many resonances showed chemical shift differences compared with the shorter construct, suggesting that the additional amino acids interact with the core of the TD (Figure 2d ). The tetrameric state of this species was confirmed both by analytical ultracentrifugation (Supplementary Figure 1 and Supplementary Table 1 ) and by measurement of the rotational correlation time by NMR spectroscopy (t c ¼ 12 ns). Analysis of the secondary structure content from chemical shift data confirmed the existence of a second helix at the C-terminus of the construct (amino acids 383-396) (Supplementary Figure 3) . To investigate whether additional secondary structure elements exist either N-terminal to the b-strand or C-terminal to the second helix of the TD, we recorded NMR spectra of extended constructs. These spectra, however, did not show any resonance changes in TD, whereas the resonances of the added amino acids showed random coil characteristics, suggesting that no additional secondary structure elements were present.
Structure determination of TD confirmed the existence of the helix, as well as its interaction with the TD core domain ( Figure 3 ). The core domain consisting of the b-strand and the first a-helix shows a tetrameric arrangement similar to that of the p53 OD. The transition from the last turn of helix I with a 3 10 -helical geometry to helix II occurs over Pro 382. Helix II of monomer A (as defined in Figure 3 ) reaches across the tetrameric interface and forms hydrophobic interactions with helix I of monomer C encompassing Leu 377, Leu 380, Val 381, Leu 385, Val 386 and Tyr 389. Apart from these hydrophobic interactions, hydrogen bonds between Gln 393 (monomer A) and Glu 373 (monomer C) are possible. Glu 373 (monomer C) also forms a salt bridge with Arg 390 (monomer A). This salt bridge is further supported by heteronuclear nuclear Overhauser effect (NOE) experiments (Supplementary Figure 4) that showed that the e-NH group of Arg 390 is conformationally restricted.
Mutation of Arg 390, Gln 393 and Tyr 389 leads to conformational instability. To investigate the importance of Arg 390 and Gln 393 in the stabilization of the tetrameric interface, we mutated them to methionine and alanine, respectively. Although the single-point mutations, Arg390Met and Gln393Ala, did not affect the oligomeric state as investigated by NMR, the double mutation, Arg390Met/ Gln393Ala, gave rise to more than two sets of peaks at 301C (Supplementary Figure 5 ) and a single set at 21C, indicating the presence of a dimer-tetramer equilibrium. In addition to Arg 390 and Gln 393, the structure of TD suggested that Tyr 389 is of central importance for stabilizing hydrophobic contacts between monomers. The mutant Tyr389Ala showed more than two sets of resonances at 301C (Supplementary Figure 5) and one set at 21C, thus yielding a similar result as the double mutation Arg390Met/ Gln393Ala or when helix II is deleted. The importance of Tyr 389 for the stability of the tetramer is further apparent from its strict conservation in all p73 sequences ( Figure 1 and Supplementary Figure 6 ).
Interestingly, this tyrosine is also conserved in p63. Furthermore, Arg 390 and Gln 393 are conserved in all p63 isoforms as well, suggesting that the p63 OD is also stabilized by an additional helix. Assignment of the NMR resonances of TD and the chemical shift-based secondary structure analysis indeed confirmed the existence of a second helix in p63 ( Figure 3a ).
The C-terminal helix of p73 is necessary for high transcriptional activity. Several studies have shown that the tetrameric state is important for the transcriptional activity of p53. Furthermore, mutations in the OD of p53 have been found in cancer patients, providing a further link between tetrameric state and activity. To test whether the additional helix present in the TD of p73 not only influences the conformational stability of TD but also the transcriptional activity of the entire protein, we deleted the second helix in the shortest p73 isoform, TAp73d, 27 which ends a few amino acids C-terminal to the second helix. Transactivation assays in SAOS-2 cells on the p21 and on the bax promoter showed a high transcriptional activity of the b-isoform and a reduced activity of the d-isoform on both promoters as known from earlier investigations 27 ( Figure 4) . Deletion of the last helix led to a strong reduction in transcriptional activity on the p21 promoter and to a smaller reduction on the bax promoter. Mutation of the critical Tyr 389 to alanine reduced transcriptional activities on both promoters as well. These data provide a link between the second helix and the transcriptional activity of p73 and suggest that the core OD, as known from the crystal and NMR structure of the p53 OD, is not sufficient to guarantee a high transcriptional activity. Our results, however, also suggest that the effect of the second helix depends on the nature of the promoter.
p73 TD and p63 TD form several heterotetramers. Earlier, the high sequence conservation between the ODs of p53, p63 and p73 had already sparked speculation about the potential formation of heterotetramers between all three proteins. However, so far, only a very weak interaction between the ODs of p63 and p73, and no interaction of either of the ODs of these proteins with p53, has been reported. 28 In contrast to these biochemical studies with purified ODs, interaction between p63 and p73 isoforms has been reported in mammalian cells. 11 As the TDs of p63 and p73 show identical structural topology and exhibit high sequence conservation, we investigated their potential heterooligomerization by recording NMR spectra of mixtures of the TDs of p73 ( 15 N Figure 7) . To analyze the heterooligomerization in a more quantitative manner, we performed the same experiment with p73 TD selectively 15 Figure 7) , indicating that p73 and p63 can form heterooligomers with all statistically possible stoichiometry. The tetrameric state of the heterooligomers was also confirmed by size-exclusion chromatography (data not shown). To test for the possibility that heterooligomerization occurs only after denaturation and subsequent refolding, we mixed the folded TDs of p73 ( 15 N-labeled on lysines) and p63 in equal amounts at 371C. After 5 h, additional peaks corresponding to the resonances observed in the spectrum in Figure 5a appeared, showing that dimer and monomer exchange between p63 and p73 tetramers occurs even when both domains are folded (Figure 5b and Supplementary Figure 8) . Surprisingly, the most prominent peak in the spectrum after 5 h is peak 3, which belongs to a heterooligomeric species. Very similar results were obtained by mixing 15 N-lysine-labeled p63 TD with unlabeled p73 TD (Figure 5c and d) .
A p73/p63 heterotetramer is more stable than homotetramers. To obtain a more quantitative analysis of the populations of various heterospecies, we assigned the peaks in the spectra shown in Figure 5b and d on the basis of their relative peak volumes and time of appearance. Peak 3 ( Figure 5b ) and peak 9 ( Figure 5d ) represent a heterotetramer consisting of two homodimers, as they are the first peaks to arise after mixing. The formation of heterodimer-containing tetramers would be associated with the simultaneous appearance of more peaks. The remaining peaks in both spectra were assigned on the basis of considerations described in experimental procedures. On the basis of this peak assignment, it was possible to calculate the populations of heterotetramers (Figure 5e ). A comparison of these populations with expected populations from a purely statistical distribution (assuming no difference in thermodynamic stability between the different heterooligomeric and homooligomeric species) showed significant deviations. Interestingly, heterodimer-containing tetramers were populated lower than expected. In contrast, the heterotetramer that consists of two homodimers is 
approximately four times more highly populated than homotetramers, and therefore more stable.
To further investigate the importance of the additional C-terminal helix, we performed experiments with the ODs of p63 and p73 (the TD lacking the second helix). Mixing of 15 N-labeled p73 OD and unlabeled p63 OD showed that in this mixture of different homodimeric and homotetrameric species that exist without the stabilizing effect of the C-terminal helix (Figure 2a) , only one additional heterooligomer is formed (Supplementary Figure 9) , thus showing that the additional C-terminal helix has a strong influence on the formation of heterooligomeric species.
The TDs of p73 and p63 do not interact with p53 OD. p53 and p73 (or p63) are coexpressed in many tissues. We, therefore, wanted to investigate the potential of both proteins to form heterooligomers as well. However, mixing of either p73 TD or p63 TD with p53 OD did not result in the formation of any heterooligomers on the basis of the observation of only one set of peaks in [ 15 N, 1 H]-TROSY spectra (Supplementary Figure 10) .
In contrast, we observed an additional set of peaks from mixtures of p73 OD (i.e., TD lacking helix II) with p53 after denaturation and refolding, consistent with the formation of heterooligomers ( Figure 6 ). These heterooligomers seemed to be less stable than homooligomers, because their peak Figure 10) . Mixing of the folded p73 OD and p53 OD, however, resulted in the same low amount of heterooligomer. Interestingly, the p63 OD did not show any interaction with p53 even after denaturation.
Discussion
The experiments described above indicate that the ODs of p73 and p63 contain an additional helix not present in p53. In the case of p73, this additional helix stabilizes the tetrameric state, which results in a decrease in the dissociation constant k D from 50 mM (OD without the helix, assuming a simple dimer-tetramer equilibrium) to 3 mM. This value is still too high to ensure that p73 is predominantly tetrameric in vivo; however, the equilibrium might be further affected by other domains in the full-length protein, such as the DBD and the SAM domain. In addition, the interaction with other proteins may influence the oligomeric state, as it was shown for p53. 29, 30 Taken together, the structures of the ODs of Cep-1 and Dmp53, the structure of the p73 TD as shown in this study and the secondary structure assignment of the p63 TD show that the OD of p53 is an exception within this protein family; it is the only one that does not contain additional domains (Cep-1) or secondary structure elements (p63, p73, Dmp53).
Very recently, Nyman et al. 31 identified a second transactivation domain in the C terminus of p73. They showed that this new transactivation domain preferentially regulates genes involved in cell-cycle arrest. They mapped the location of this transactivation domain to amino acids 381-399, which almost exactly coincides with the second helix that we have identified in the TD (amino acids 383-395). The finding that this helix is important for the preferential activation of cell-cycle arrest versus apoptosis, combined with the importance of this helix for the oligomeric state and the conformational stability of p73, leads to the intriguing speculation that the oligomeric state has a role in the decision to induce either cell cycle arrest or apoptosis. Although tetramerization -and therefore the second helix -might be necessary to induce cell-cycle arrest, apoptosis could be regulated by dimeric forms or forms with a different geometric arrangement that do not rely on the second helix for stabilization. Our own cell culture experiments have suggested that deletion of the second helix has a more significant effect on the transcriptional activity of p73 on the cell-cycle arrest p21 promoter than on the apoptosis bax promoter. Nyman et al. further showed that Ser 388 becomes phosphorylated by protein kinase C. In our structure, Ser 388 is not involved in the tetramerization interface but solvent exposed and accessible for kinases. This modification does not influence the structure of TD directly, but most likely provides a binding site for additional factors that might influence the oligomeric state of the protein. Different posttranslational modifications of TD that attract various proteins might therefore provide a basis for forming distinguished oligomeric states or conformations of the entire protein. Proteins that interact with members of the p53 protein family and that affect the oligomeric state have been identified. 29, 30 Furthermore, it is intriguing to speculate that the second helix of TD that is present in p63 and in p73 as a structural element has become a regulatory element in p53, in which it might form in the C-terminal regulatory domain (367-393). The transition from the unfolded state to a helical one, which stabilizes the tetrameric conformation, might be triggered by a specific pattern of posttranslational modification or by interaction with other binding partners.
The additional helix within the TDs of p63 and p73 also influences the interaction among the individual members of this protein family. Although it inhibits even transient interactions between p73 (or p63) and p53, it enhances the interaction between p63 and p73. Despite mouse knockout studies showing disparate functions for p63 and p73, recent reports suggest that the two genes are coexpressed in various cell lines and tissues. Immunoprecipitation experiments in JHU 029 cells, a cell line derived from head and neck squamous cell carcinoma (HNSCC), have shown that the majority of TAp73b is physically bound to DNp63a.
11 In these cells, the high expression of DNp63a inhibits p73-dependent apoptosis. RNAi-based knockdown experiments of p63 in these cell lines led to the expression of NOXA and PUMA in a p73-dependent but p53-independent manner, thus showing that the high expression of DNp63a constitutes an antiapoptotic and prosurvival signal. Our structural investigations reported here show that p73 and p63 preferentially form heterotetramers, consisting of two homodimers, thus revealing for the first time the structural basis for the interaction of p73 and p63 in HNSCC cells.
The interaction between p63 and p73 is most likely not only relevant for cancer cells but also has a role in the basal compartment of epithelial tissue. Staining of mouse skin sections showed that both proteins are highly expressed in these basal cells (Figure 5c and d) . The relative expression level of p63:p73 is roughly 10 : 1, suggesting that a large percentage of p73 is bound in heterooligomeric complexes as well. The exact function of heterotetramers formed by DNp63a and DNp73a in basal cells, however, is currently not understood. The data presented here suggest that, in the future, p63 and p73 might have to be considered as partners that interact with each other and, at least in HNSCC cells, have opposing effects. On the other hand, active participation in tumor suppression on the basis of direct interaction with p53 does not seem to occur.
Materials and Methods
Protein expression and purification. The following constructs were used in this study: human p73 TD (351-398), p73 OD (351-381 or 351-384), mouse p63 TD (358-416), p63 OD (358-391) and mouse p53 OD (320-356). The amino acids were numbered as defined for TA isoforms (GenBank accession numbers: CAA72219 for human p73, AAC62635 for human p63, AAC62641 for mouse p63 (deducted 39), NP_001119584 for human p53 and NP_035770 for mouse p53). The TDs of mouse and human p63 are identical in sequence, except for Met 414 (Ile in human), which is located in the unstructured region C-terminal to helix II. The ODs of mouse and human p53 differ only in amino acids Lys 328 (Gln 331 in human), Lys 333 (Glu 336 human) and C-terminal of Ala 350. Although the latter segment is not structured in the human p53 OD, the amino acids Gln 331 and Glu 336 are solvent exposed. For that reason, these mouse constructs can also be used in heterooligomerization studies with human p73 constructs.
All p73, p63 and p53 constructs were cloned into the plasmid pBH4 (gift from Wendell Lim laboratory, San Francisco, CA, USA) containing an N-terminal tobacco etch virus protease (TEV)-cleavable His 6 tag and were expressed in the E. coli strain T7-Express (NEB #C2566H) or DL39 (for Val-labeled samples). Cells were grown in a 2XYT medium to an OD 600 of 0. Proteins were purified by Ni-affinity chromatography and dialyzed overnight during TEV-mediated cleavage. TEV (with His 6 -tag) and uncleaved proteins were removed in a second Ni-chelation affinity chromatography step. The flow through was collected and further purified by gel filtration chromatography using a Superdex 75 column (GE Healthcare, München, Germany). The protein solution was concentrated using Amicon Ultra-4 Ultracells (Millipore, Schwalbach, Germany). Protein samples were stored at À801C and measured in buffer containing 20 mM sodium phosphate (pH 7.0), 100 mM sodium chloride, 0.5 mM EDTA or 50 mM arginine/glutamate (pH 6.8 15 N]-labeled proteins were mixed in equal amounts, denatured in guanidine hydrochloride and stirred for 1 h at room temperature. The denatured protein mixture was slowly dripped into 160 ml of 20 mM sodium phosphate (pH 7.0), 100 mM sodium chloride, 0.5 mM EDTA, concentrated with an Amicon ultrafiltration membrane and purified by gel filtration chromatography using a Superdex 75 column.
NMR spectroscopy. All NMR experiments were performed using Bruker (Rheinstetten, Germany) Avance spectrometers equipped with 1 H-triple resonance, z-gradient cryogenic probes at proton frequencies of 950, 900, 800, 700 or 600 MHz, or on a Bruker 500 MHz spectrometer equipped with a room-temperature triple resonance, x,y,z-gradient probe. All experiments were measured at 303 K unless otherwise stated. DSS (4,4-dimethyl-4-silapentane-1-sulphonate) was used as an internal chemical shift reference. Spectra were processed with Bruker Topspin 2.1 or NMRPipe (NIH, Bethesda, MD, USA) and were analyzed using UCSF SPARKY 3.114 (San Francisco, CA, USA). 32 Protein backbone resonances were assigned with TROSY-based HNCACB, HNCOCA and HNCO experiments. Table 3 ). In addition, amide protons that were still present after 5 days of H/D exchange were assumed to participate hydrogen bonds. Residual dipolar couplings were determined by weakly aligning the protein with the filamentous phage Pf1 (Profos, Regensburg, Germany). . The initial estimate for the alignment tensor was determined with the extended histogram method. 38 For scaling the magnitude D a of the alignment tensor to the appropriate internuclear vector, an average order parameter S of 0.94 was assumed for the H N -N pairs. In addition, order parameters and internuclear distances for atom pairs were set as described in reference. To determine the populations of diverse p73/p63 heterotetramers, peak volumes were extracted (using Sparky, ellipse integration method, measured thrice manually). To join the information from the two spectra, the relative peak volumes of peak 3 ( Figure 5b ) and peak 9 ( Figure 5d ) were used for normalization. The peaks corresponding to those heterotetramers that contain three labeled p63 or three labeled p73 molecules were assigned using their characteristic peak pattern (one peak for each labeled molecule inside the tetramer because of lack of symmetry; peaks resulting from one heterotetramer exhibit identical relative peak volumes). Peak volumes were divided by the number of molecules that they represent and were finally normalized.
Structure calculation. Structure calculations were carried out using Aria 2.2/CNS 40 (Institut Pasteur, Paris, France), with modified protocols that imposed a D 2 symmetry throughout every stage of calculation. The procedure used to identify intermonomer and interdimer NOEs has been described before. 26 The structure is based on 908 intrasubunit NOEs, 340 intersubunit NOEs within a dimer and 242 intersubunit NOEs across the tetrameric interface. A total of 20 structures were calculated in 8 iterations, and 100 structures were calculated in the last iteration. To deal with NOE ambiguities arising from the tetrameric state of the protein, 144 000 cooling steps were performed during simulated annealing. RDCs were introduced in the eighth iteration. RDC force constants (k HÀN ¼ 10,
) were adjusted so that the experimental error
is lower than the root-mean square deviation of RDCs. After multiple iterations of peak inspections and structure calculations, 100 structures were calculated and the best 20 structures were used for water refinements and analysis. All distance constraint violations were smaller than 0.2 Å . The structural statistics can be found in Supplementary Table 2 .
Analytical ultracentrifugation. Ultracentrifugation experiments were carried out at a temperature of 81C, in 20 mM of either Tris/HCl or Bis-Tris propane, each at pH 7.8 and containing 150 mM NaCl. Sedimentation of particles was monitored using interference optics in a Beckman (High Wycombe, UK) XL-I Analytical Ultracentrifuge equipped with a Ti-50 rotor. Sedimentation velocity experiments were performed at monomer concentrations of 50 mM in two-sector cells, using a rotor speed of 50 000 r.p.m. Radial scans were collected at 30-s intervals. Data were analyzed using SEDFIT (NIH) to calculate c(s) distributions. The software package SEDNTERP (Thousand Oaks, CA, USA) was used to normalize the obtained sedimentation coefficient values to the corresponding values in water at 201C. Sedimentation equilibrium experiments were performed at 81C at rotor speeds of 17 000, 22 000 and 31 000 r.p.m., and at protein concentrations of 10, 25 and 50 mM. Working on the assumption that monomers do not exist in solution, the dissociation constant was calculated from a global fitting of all data to a monomer-dimer equilibrium model, using ULTRASPIN (MRC Centre for Protein Engineering, Cambridge, UK).
Transactivation assays. p73 constructs for cell culture experiments were cloned into the pCDNA3.1 vector containing an N-terminal myc tag. Inserts similar to p73 isoforms b and d were generated from a p73-a template: TAp73b (1-494), TAp73d (1-399) and TAp73dDH2 (1-381). All transactivation experiments were performed in SAOS-2 cells using the Promega (Mannheim, Germany) Dual-Glo Luciferase reporter assay. For transfection assays, a construct with either a single copy of p21 or the bax promoter obtained from human genomic DNA was cloned into the pGL3 vector. Cells were obtained from ATCC (Manassas, VA, USA) and were maintained in Dulbecco's modified Eagle's medium with 10% fetal bovine serum at 371C under an atmosphere of 5% CO 2 . Cells were transfected with 133 ng DNA per plasmid (Effectene, Qiagen, Hilden, Germany) into 96-well plates, grown for 24 h and assayed for Renilla and firefly luciferase activities. Experiments were performed in triplicate. All transcriptional activities were normalized relative to their intracellular concentration as determined by western blot analysis. The intracellular concentration itself was corrected for transfection efficiency on the basis of Renilla data. Samples for western blot analysis were transferred to a PVDF membrane (Immobilon-P 0.45 mM) (Millipore) using an XCell II blot module (Invitrogen, Karlsruhe, Germany). The blot was blocked in 5% skim milk and probed with mouse anti-myc antibody clone 4A6 (Millipore) or anti-GAPDH (Millipore). Detection was performed using an HRP goat anti-mouse IgG peroxide conjugate (Sigma, Hamburg, Germany). Blots were quantitated using the Biometra (Göttingen, Germany) BioDocAnalyze 2.0 software. Each experiment was repeated thrice.
Sequence alignments were performed with ClustalW2 (EBI, Cambridge, UK) and illustrated with Jalview (University of Dundee, UK).
Structural basis for p73 tetramerization and activity D Coutandin et al
Immunohistochemistry. Paraffin-embedded sections were dewaxed, rehydrated and stained with the 4A4 anti-p63 monoclonal or the 3A3 anti-p73 monoclonal antibody using standard protocols (MOM Immunohistochemistry Kit, Vector Laboratories, Peterborough, UK).
Accession numbers. The structure of p73 TD has been deposited at the Protein Data Bank (PDB) with the accession code 2KBY.
